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SUMMARY

The particularity of nuclear power plant environment requires that the nuclear power inspection robot
must be remote control operation. The main purpose of the inspection robot is to carry out inspection,
prevention, reporting, and safety emergency operation on the instruments, so as to provide guarantee
for the safe operation of the nuclear power plant. Based on the representative configuration of nuclear
power robot at home and abroad, this paper develops a small and lightweight nuclear power plant
inspection robot, including walking mechanism, lifting mechanism, operating mechanism, image
acquisition, information communication and control system, etc., to carry on the statics analysis to
the key components of the inspection robot and verify that the stiffness and strength of the mechani-
cal structure meet the requirements of lightweight design. Modal analysis is carried out to verify that
the motor does not cause resonance when working. The kinematic model of the robot has been estab-
lished and can provide the theoretical basis for the controller design. A hierarchical control system
based on LabVIEW upper computer monitoring and control operation interface is established, which
uses adaptive fuzzy Proportional Integral Derivative (PID) control to simulate the walking control,
and then realizes the control of walking mechanism through software programming, and the adap-
tive fuzzy PID control has better effect than the conventional PID control. The S-type acceleration
and deceleration algorithm is used to realize the accurate control of the position location of the lift-
ing mechanism. Finally, combined with the experiment of SMS robot comprehensive experimental
platform, it is proved that the inspection robot can realize remote control function operation.

KEYWORDS: Nuclear power inspection robot; Structural analysis; Modal analysis; Robot kine-
matics; Fuzzy PID control; LabVIEW upper computer; SMS (5-joint manipulator system).

1. Introduction
Nuclear energy as a new way of clean energy has been widely used in many countries around the
world, despite the high safety and reliability of nuclear power plants, but in the past a number of
nuclear accidents have caused heavy human losses and serious damage to the ecological environment
(There are seven levels of nuclear accidents, the higher the level, the greater the hazard.), such as the
Three Mile Island nuclear accident (Level 5) on March 28, 1979, the explosion at the fourth reactor
of the Chernobyl nuclear power plant in the former Soviet Union on April 26, 1986 (Level 7), and
the leak at the first nuclear power plant in Fudao, Japan, on April 11, 2011 (Level 6). The damage of
nuclear radiation to human beings is fatal, so it is of great significance and value for nuclear power
plant inspection robot as an important executor to carry out inspection and operation tasks in the
nuclear power environment as a substitute person.'>2

Several countries have developed nuclear power robots (in Fig. 1). Robot SURBOT (1987), devel-
oped by Remotec, USA, HAZBOT (1990), developed by the California Institute of Technology,
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SURBOT HAZBOT Pioneer

Packbot

Fig. 1. Design cases of nuclear power inspection robots.

Pioneer (1998), developed by NASA, and the Energy Bureau, in 2011, the PackBOT developed by
iROBOT of Japan, the TALON developed by QinetiQ, and the Quince developed by Chiba Institute
of Technology and International Rescue System Research Institute of Northeastern University,
Japan, which are used for the detection and monitoring of nuclear power operations facilities,**
the prevention of early warning, Nuclear power environmental detection,” and so on.

These nuclear power robots are analyzed from the functional configuration, which are equipped
with visual remote monitoring equipment, walking mechanism, multi-joint manipulator, or sampling
operation tools. Drawing on the experience of nuclear power inspection robot,®® this paper uses
modular design and hierarchical control method to develop a nuclear power inspection robot.

2. Robot Design and Analysis

The nuclear power inspection robot has main functions including robot walking, visual inspection,
valve opening and closing, remote control operation, and other equipment can be equipped to achieve
added functions.

Based on the nuclear power inspection, robot should have flexible motion ability and increase the
detection height and operating range to complete the daily inspection work content requirements,
its main components include walking mechanism, lifting mechanism, operating mechanism, video
monitoring module and sensor module, etc., and the overall design of the system is shown in Fig. 2.

In the course of carrying out the task, the Mcnum wheel provides the moving driving force of the
robot system, moving to the target position, and the driving force of the lifting mechanism is provided
by the stepper motor, which enables the acquisition operation platform to realize the lifting movement
and widen the longitudinal range of the image acquisition, and the manipulator can perform such
operations as valve tightening, picking matter, etc. The video acquisition module and sensor on the
acquisition operation platform are monitored and detected in real time, and the alarm information is
sent to the upper computer when an anomaly is found.
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10-Tracing Module 11-Ultrasonic Ranging Module

Fig. 2. Design diagram of nuclear power inspection robot.

2.1. Establishment of basic mechanics equations
Based on the structure design of nuclear power inspection robot, due to the symmetrical distribution
structure of four four-bar lifting mechanisms, the force can be analyzed by analyzing a single four-bar
mechanism, and the force model is simplified as shown in Fig. 3.

The torque at point Al equals zero, which is as follows:

Fgi X Latr + Faa X (Laz + Laz) = Fga X Lao + Fo3 X (Laz + Laz + Laa) (1)
The torque at point A2 equals zero, which is as follows:
Fgr X (Lar + Laz + Laz) + Foa X Las = Fa1 X (Laz + Laz) + Fg3 X Laa (2)

Based on Egs. (1) and (2), and Fx; = Fp = Fy, thus, F,4 is computed.
Based on the force equilibrium equation, we compute the following equations:

Fo+mg+mg+msg+myg="Fg + Fg

(3)
Fe.=Fp
F F
Fap= L=~ )
2c0s(90° —60) 2sinf
The torque at point B equals zero, which is as follows:
FBx —FA30089 =0
FABSiIIQ—{-mlg—FBy—FmIA =0 5)
lap
myg cos 6 - - —Fpacos0-l4g=0
Therefore,
Fp=F o= 14
= cosf =
BemTAn 2sin6
mygcosb - ZA—B ©®)
18 ) mg
leA = =~
cos O - lup 2
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Fig. 3. Force analysis of four-bar mechanism.

Substituting F4p and F,, 14 into Eq. (6), we get the following equations:

Fsy . mg Fa+mg
0 _ Mg _TaTmg 7
Jsing MY TMS T 2 )

Fpy=Fapsinf +mig— F, 4=

Equations (8) and (9) can be simultaneously obtained, which are as follows:

FD ’ FA
F _— = F =
Dt o =l = ne
(Fa+ (Fa+mg) cos +m3g) Ipc — Falpc
Fpy= 3)
2lpg - cos O
P ((Fa +mig +2msg) cos € + Fy) Ipg — (Fa + (F4 +mg) cos 0 + msg) lpg
¢ 2lpg - cos O
g (Fatmg+2mag) cos — Fa) Ipg + (Fa + (Fa + mig) cos 0 +msg) Isc
B 2lpg - cos O
lce
Fu-lep + (Fa+mpg)cosO - lep + 2myg 7 — Ipk ©)
Fgo=—
Ex 2sin@ - lDE
(Fp +mog + 2myg) cosO — Fu B (Fpo+ (Fp+m;g) cos6 +msg) lgg
2sin 6 2sin @ - Ipg
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Table I. The parameters values.

mig=myg mag=myg Ilcp=Ilgc Ipe=Ipc lp=Icp
N) N) (mm) (mm) (mm) Fy(N) F4N) F4 Fsqqa Mg(N)

0.883 1.215 225 75 150 394 3.65 197 1.825 24.235

The parameter values used are in Table 1. Based on the actual load of the acquisition operation
platform, the force of the four-bar mechanism at point b is as follows:

P —3228.375 —2897.7 cos 0 _6304.5+9422.1 cos 6
o= 150 cos 6 Exb = 150 sin @
PR 6304.5 +9422.1 cos 0 P 6342.15 cos 6 + 3228.375
Pb = kb = 150 sin 0 Bb = 150 cos 6
Similarly, the force of the four-bar mechanism at point d would be as follows:
—547.125 — 216.45 cos 0 912 4+ 1378.35cos 0
Gd = Fry=— -
150 cos 6 150 sin 6
Fro e Fo 6304.5 +9422.1 cos 6 B 979.65 cos 6 + 547.125
pd = T Exd = 150 sin Eyd = 150 cos 6

In the actual work to determine the working angle 6 range is 17.058°—63.295°. Thus, the
extremum of G-point force and E-point force is calculated and loaded into the finite element model
of the structure, and the force analysis can be carried out.

2.2. The static analysis of the key structural components

In the selection of structural materials, 40 profiles of light metal materials with high solderability
and good mechanical properties are selected. In ANSYS Workbench, the static analysis of the key
components of the robot is carried out by means of finite element calculation, in order to ensure the
reliability of the operation of the nuclear power inspection robot. The 3D model is imported into
ANSYS Workbench, and the structure statics analysis is carried out after meshing and boundary
condition constraint,” and the results are shown in Fig. 4.

Based on the calculation results, the maximum displacement deformation occurs at the top of
the left four-bar mechanism, and its maximum deformation displacement is 0.10006 mm, so the
ratio of the maximum deformation displacement and the total stroke is § = 0'11102926 =0.089%, and the
maximum principal stress is 6.3266 MPa, which occurs at the intersection of the longer two bars of
the four-bar mechanism, and the yield limit of 40 profile aluminum is 150-190 MPa to meet strength
requirements.

2.3. Modal analysis

In order to avoid the resonance phenomenon of the mechanism, in ANSYS, the modal analysis of the
four-bar lifting mechanism is carried out in the course of the mechanism motion with the generation
of vibration.!%!! The first six-order mode shapes are shown in Fig. 5(a), (b), (c), (d) (e), (f), according
to the results in Fig. 5, and the features of the natural frequency mode shapes of each order are listed
in Table II.

Based on calculation, the each order excitation frequencies of the excitation source stepper motor
of the system are 2, 4, 6, 8, 10, and 12 Hz, respectively, and the frequencies obtained are much
smaller than the frequency of modal analysis, and the structure does not resonate with the excitation
frequency of the motor, which indicates that it meets the design requirements.

3. The Kinematic Analysis of the Robot

The motion law of Mcnum wheel is analyzed, and the kinematics equation and inverse kinemat-
ics equation of Mcnum wheel chassis are obtained from the model of one wheel to the whole
four wheels. The motion model of four-bar lifting mechanism is established, and the relationship
between the motion hinge point and the four-bar lifting mechanism and the relationship equation
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(d)

Fig. 4. Analysis of robot structure statics. (a) Meshing result. (b) Deformation analysis results. (c) Maximum
principal stress analysis results. (d) Results of equivalent stress analysis.

between the driving motor speed and the lifting speed are obtained. The manipulator (5MS) D-H
model is established to obtain the positive kinematics expression of the T matrix of the joint, and the
inverse kinematics solution of the manipulator is obtained according to the geometrical quantity of
the manipulator.

The Mcnum wheel is the core of the entire nuclear power inspection robot to carry out the
trajectory of the inspection task,'>!3 and its structure diagram is shown in Fig. 6(a).

The O-XY coordinate is the robot body moving coordinate, and the O point is located at the
intersection of four Mcnum wheel connection centers and the plane where the central axis is located.
The 01 — x1y; coordinate is the local coordinate of Mcnum wheel 1, and w;, w,, w3, and w4 are the
angular velocity of wheel 1, wheel 2, wheel 3, and wheel 4, respectively, that is, the motor output
angular velocity, w, is the angular velocity of robot body around the coordinate origin O, rad/s; 2a
is the distance of the center of the Mcnum wheel in the X direction and 2b is the distance of the
center axis of the Mcnum wheel in the Y direction. v,; and v, are the tangential speed of the Mcnum
wheel 1 roll and the ground contact surface relative to the roller shaft and the tangential speed of the
Mcnum wheel 1 effective radius R relative to the hub axis, respectively, m/s, which are decomposed
into X1 axis and Y1 axis of the local coordinate.

EIRA=A |1
Viy R cos 8 Vel
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Table II. Analysis of each order mode shape for four-bar lifting mechanism.

Modal order Modal frequency/Hz Total deformation/mm Mode shape features

First order 104.3 22.397 The four-bar lifting mechanism produces
a certain offset in the z direction and
has a certain deflection around the
x-axis, so that the mechanism
produces a certain left and right tilt

Second order 110.04 31.873 The deformation of the mechanism
occurs in the negative direction along
the z axis of the support bottom, which
is not related to the four-bar lifting
mechanism and has little effect on the
mechanism

Third order 118.74 20.181 The four-bar lifting mechanism only
produces an offset in the z direction,
resulting in upper and lower vibrations

Fourth order 137.64 27.491 The four-bar lifting mechanism produces
a certain offset in the z direction and
has a certain bending compression
around the diagonal direction

Fifth order 147.25 25.839 The four-bar lifting mechanism produces
a certain offset in the z direction and
has a certain deflection around the y
axis, which causes the mechanism to
produce a certain amount of front and
rear tilt

Sixth order 161.41 22.573 Similar to the first order, the deflection of
the base around the x-axis is larger
than that of the first order and
the offset of the four-bar lifting
mechanism along the y axis is also
greater

[ L0 (e -._!l (7] 1080 e X s 308,00 tmemy p
— ) r — = L — .

Fig. 5. The first six-order mode shapes of the four-bar lifting mechanism. (a) First-order mode shape. (b)
Second-order mode shape. (c) Third-order mode shape. (d) Fourth-order mode shape. (e) Fifth-order mode
shape. (f) Sixth-order mode shape.

https://doi.org/10.1017/50263574720000740 Published online by Cambridge University Press


https://doi.org/10.1017/S0263574720000740

172 Nuclear power inspection robot system

(@) ¥

yi
Rare

|
2b

2a

Fig. 6. Mcnum wheel layout sketch.

The motion of point O, in the coordinate O-XY is written as

2%
Vox 1o ]| "
= vy (11)
Vo, ¥ 0 1 a

o
From Equations (10) and (11), we can compute
Vx
wlzi[cotﬁ 1 bcotB+al| vy (12)
wo

Similarly, the remaining three wheels of motion are in the same form as wheel 1, and the inverse
kinematics equation is

w1 cotf 1 beotB +a
1%
W 1| —cotBp 1 —bcotf—a X
=— vy (13)
3 R| —cotp 1 beotB+a
w
o cotB 1 —bcotB—a ©
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Table III. Manipulator D-H parameters.

i o1 a1 d; 0;
1 —90° 0 ly 01
2 90° 0 0 6,
3 0° b 0 05
4 180° I3 0 N
5 0° I5 n 05

Substituting geometric quantity 8 = 45° into Eq. (11), we get

w 1 1 b+a
Vx
ws 11-1 1 —-b—a
= — Vy (14)
w3 R| -1 1 b+a
wo
w4 1 1 —-b—a

The rank R(K) = 3 of matrix K is obtained, so it is known that when the motion speed of the robot
body is known, the angular velocity of the four motor can be obtained, w1, w2, w3, and w4, and on
the contrary, the angular velocity of the motor is also obtained by the motion speed of the robot body,

which is
1 —1 —1 1 w]
Vx
R w
SO TS I 1 1 1 2 (15)
4 1 1 1 1 w3
wo

b+a —-b—a b+a —-b—a wy

Substituting robot geometry dimensions R = 0.05 m, a = 0.26 m, » = 0.22 m into Eq. (15), we can
compute

0.0125 -0.0125 —-0.0125 0.0125 w1

Vx
_ | 0.0125 0.0125 0.0125 0.0125 w2 (16)
5 5 5 5 w3
wo — _— —_— _—
92 92 192 192 w4

The four-bar lifting mechanism is a symmetrical structure, and its structure diagram is shown in
Fig. 6(b), which can be obtained as

vy = ——wy cot (17)
2

It shows that the lifting speed of the four-bar lifting mechanism vy is related to the speed of the
motor wy, and the angle 6 between the BF of the lifting rod and the negative direction of the X axis.

In this paper, the manipulator is a component of a nuclear power inspection robot that performs
operations, with five degrees of freedom, its D-H model is shown in Fig. 6(c), and the parameters are
shown in Table III.

The transformation matrix'# of the manipulator can be obtained by multiplying the 7 matrix of
each adjacent joint as

OT5 =0T, (6)) ' T2(62) 2 T5(03) > T4 (0s) *T5(65) (18)
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Fig. 7. Control route diagram.

Substituting the rotation angles and end local coordinates of each joint into Eq. (18) yields the
position and pose of the end effector of the manipulator.

x=105c(01)"c(02) — I5(c(02)" (c(01) s(02)*s(63) — c(01) " c(2)"c(63)) — s(64)" (c(01)"c(62)"s(63)

+ ¢(01)"c(63)"s(62))) — [3s(61) — z58(61) — [5(c(01)"s(62)"s(63) — (1) c(62)"¢c(63))
y=lo+55(c(62)"s(03) + c(03)"s(62)) + [55(62) + I5(c(64) (c(02) "s(83) + c(63)"s(62))

— 8(04)"(c(62)"c(03) — $(62)"s(653)))
2=1(s(01)"s(62)"s(63) — c(62)"c(03)"s(61)) + [5(c(04)"(s(01)8(62)"s(03) — c(B2) ¢ (03)"s(61))

— 8(04)"(c(62)"s(01)"s(03) + ¢(03)"s(01)"s(62))) — [;c(61) — z5¢(01) — [r¢(62)*s(6h) (19)

where c is cos and s is sin. Based on Eq. (19), the each joint angle of the manipulator can be obtained
by the inverse kinematics, which is unnecessary to go into details here.

4. Robot Control Design

The robot control system adopts a hierarchical control strategy in which the remote control mode
of the upper computer is realized by Labview control interface, the lower computer is composed
of organization level, coordination level, and execution level, and the wireless wifi transmission is
selected by the upper and lower computer communication modes. The overall technical route is
shown in Fig. 7.

4.1. Walking motor control of fuzzy adaptive PID

In MATLAB, the rules of fuzzy controller are formulated, the fuzzy rules are called under the
Simulink module, the fuzzy variables of fuzzy control can be obtained, and the membership function
of each input and output is obtained by using the method of triangular membership function.!>!7
The rule table obtained by establishing the fuzzy control rules is shown in Fig. 8.

In the Simulink program of MATLAB, a block diagram of traditional Proportional Integral
Derivative (PID) and fuzzy adaptive PID is established, which is shown in Fig. 9, and the simulation
results of output response following input step signal are obtained.

In the case of step input, the setting steady-state value error is 0.3%, the simulation results show
that the adjustment time to reach the steady-state value is only 0.2 s, the fuzzy adaptive PID control
has the ability of fast response, and the maximum overshoot of the system is about 2%. In the adjust-
ment time, the oscillation times of fuzzy adaptive PID are much smaller than those of traditional PID,
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(a) e P A Bk, - . ()

Fig. 8. Fuzzy rules. (a) The membership function of e. (b) The membership function of ec. (c) The membership
function of AKp. (d) The membership function of AK;. (¢) The membership degree of AK,. (f) Fuzzy control
rule table. (g) AK), rule. (h) AK; rule. (i) AK, rule.
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Fig. 9. Program block diagram and simulation results of fuzzy adaptive PID. (a) Traditional PID simulation.
(b) Fuzzy adaptive PID simulation.

and the maximum overshoot is smaller than that of traditional PID, which has strong robustness and
stability, and verifies the feasibility of fuzzy adaptive PID control algorithm.

4.2. Lifting drive control
The acceleration and deceleration of the lifting drive motor can be r controlled by using the seven-
segment S-curve algorithm to reduce the vibration and noise impact. In the seven-segment S-curve
algorithm, it is divided into seven stages, plus acceleration, uniform acceleration, reduction accelera-
tion, uniform speed, acceleration and deceleration, uniform deceleration, and deceleration reduction,
which are shown in Fig. 10.

To simplify the control program, set the time interval for acceleration, uniform acceleration, and

reduction acceleration to equal, that is, t| = t, — t; =t3 — t,, and then the maximum speed w(#3) can
be expressed as
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Fig. 10. Seven-segment S-curve.

1 1
w(t3) = wo + EKt% + K (tp — 1) + Kty (13 — 1) — EK(IZo —1)? =wo+ 2Kf; (20)
Eq. (21) is as follows:

0 = woty + Kl‘% (At +1t7)
7= 6[1 + At

wo + 2Kt; <47

>0

At>0

O0<t7<4

21

where wg =0, K =100, At=1t4 — 13, At=0, 7 =06¢1, as t1 = \/SZ, Wmax = 2 1/s, and there is 0 =
200£3t; — 600 = 9.45rad

B 5/ 0
JJ— 0<60<9.45 67— 0<6 <945
" 600 ) 600
: [
50

R ES
0 o
6 >9.45 — — 6>945
47'L'+ 50 -
0 9
At:t7—6t1:—— —7[
4 50

Based on Eq. (21), we can get the time at which the drive mechanism reaches any height.

5. Robot Experiments

The physical object of nuclear power inspection robot and computer LabVIEW control interface are
shown in Fig. 11. Experiments are carried out on nuclear power inspection robot, including robot
walking control experiment, lifting function experiment and operation experiment.

5.1. Walking control experiment

Using LabVIEW upper computer to send the control instruction with three axis directions speed
information to the organization-level master chip through the serial transfer WiFi module. After
receiving the instruction, the master chip is issued to the coordinated level walking control chip, and
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Fig. 12. Walking control experiment of nuclear power inspection robot. (a) Forward speed curve. (b) Backward
speed curve. (c) Left shift speed curve. (d) Right shift speed curve. (e) Clockwise rotation speed curve.
(f) Counterclockwise rotation speed curve.

the walking control chip is converted to obtain the speed of each mcnum wheel, which is then sent
to the execution level, driving the robot to walk. In the process of motion, the fuzzy adaptive PID
controller is used to adjust the speed of each wheel, and the rotational speed waveform collected by
the upper computer is shown in Fig. 12.

Experiments show that the mcnum wheel can quickly respond to the upper computer instructions,
and when the motion is controlled, the motor can output the stable speed well. Although there are
small differences between mcnum wheels, it may be due to the uneven manufacturing process and
ground surface of each mcnum wheel, which can be continuously corrected during walking to meet
the expected requirements.

5.2. Lifting function experiment

Using LabVIEW upper computer, we can send the lifting control height instructions to the
organization-level master chip through the serial transfer WiFi module. After receiving the instruc-
tion, the master chip is issued to the coordinated-level lifting control chip, and the lifting control chip
calculates the time point of each seven-segment S-curve by height and converts it into pulse infor-
mation, which is then sent to the lifting execution level to drive the lifting mechanism. The speed
waveforms captured by the upper computer are given in Fig. 13, which shows that there is no impact
on the lifting.
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Fig. 13. Lifting drive speed diagram. (a) Upward velocity measurement curve. (b) Downward velocity
measurement curve.

Fig. 14. Manipulator operation experiment.

5.3. Manipulation experiment

Using LabVIEW upper computer, we can send the manipulation control valve position and manipula-
tor end position and pose instructions to the organization-level master chip through the serial transfer
WiFi module. After receiving the instruction, the master chip is issued to the coordinated-level
manipulator control chip. The trigger manipulator operation action is shown in Fig. 14.

6. Conclusions

The paper has developed a small and lightweight nuclear power plant inspection robot; meanwhile,
the mechanical analysis, structure statics analysis, motion equation establishment, and robot system
control all have been done. Based on the design and comprehensive experimental research on nuclear
power inspection robot which is useful for engineering design and control strategy of a certainly of
robot system, the following conclusions are drawn.

(1) In this paper, a nuclear power inspection robot with the lightweight main structure design
is developed, which meets the strength requirement. The configuration of the function mod-
ule is completed, and the functions of each module are clear, which is convenient for robot
programming control and expansion function.

(2) The kinematics equations of walking mechanism, lifting mechanism, and manipulator are
established, respectively, which lays a foundation for robot motion control.

(3) The hierarchical lower computer control and the control system based on LabVIEW upper com-
puter of the robot are designed. The fuzzy PID method is used to control the robot walking
motion, which has good control effect.

(4) Using wireless Wifi communication mode, the robot is operated remotely, and the experimental
verification of nuclear power inspection robot is completed including walking experiment, lifting
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experiment, and operation experiment, and the experimental results verify that the LabVIEW
upper computer can meet the remote control function requirements of nuclear power inspection
robot.
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